Hypoxia-inducible factor 1 (HIF-1) is a transcription factor that mediates cellular and systemic homeostatic responses to reduced O2 availability in mammals, including angiogenesis, erythropoiesis, and glycolysis. HIF-1 activity is controlled by the O 2-regulated expression of the HIF-1␣ subunit. Under nonhypoxic conditions, HIF-1␣ protein is subject to ubiquitination and proteasomal degradation. Here we report that missense mutations and͞or deletions involving several different regions of HIF-1␣ result in constitutive expression and transcriptional activity in nonhypoxic cells. We demonstrate that hypoxia results in decreased ubiquitination of HIF-1␣ and that missense mutations increase HIF-1␣ expression under nonhypoxic conditions by blocking ubiquitination.
T he ability to sense O 2 concentration is a fundamental biological property, and reduced O 2 availability (hypoxia) has profound effects on developmental and physiological processes in mammals. Hypoxia-inducible factor 1 (HIF-1) is expressed in response to hypoxia in most cell types and activates the transcription of genes encoding proteins that function to increase O 2 delivery [erythropoietin, vascular endothelial growth factor (VEGF)], allow metabolic adaptation (glucose transporters, glycolytic enzymes), or promote cell survival (insulin-like growth factor 2) under hypoxic or ischemic conditions (1) . HIF-1 expression is required for embryogenesis and physiological responses to hypoxia (1) (2) (3) (4) . Thus, the molecular mechanisms by which HIF-1 activity is induced represent an essential component of cellular and systemic O 2 homeostasis. HIF-1 is a heterodimeric basic helix-loop-helix-PER-ARNT-SIM (bHLH-PAS) domain protein that consists of HIF-1␣ and HIF-1␤ subunits (5) . HIF-1␤ can dimerize with several different bHLH-PAS proteins, whereas HIF-1␣ is the specific and O 2 -regulated subunit of HIF-1 that determines its biological activity (1, (5) (6) (7) . The regulation of HIF-1␣ by cellular O 2 concentration is complex and involves increased mRNA expression, protein stabilization, nuclear localization, and transactivation function in response to hypoxia (1) . Perhaps most striking is the induction of HIF-1␣ protein expression in response to hypoxia and its rapid degradation on reoxygenation, both in cultured cells and in vivo (5, 6, 8, 9) . Under nonhypoxic conditions HIF-1␣ protein is subject to ubiquitination and proteasomal degradation (10) (11) (12) . However, decreased ubiquitination in response to hypoxia has not been demonstrated and thus the regulated step in the hypoxic induction of HIF-1␣ expression has not been determined. In renal carcinoma cell lines, the von Hippel-Lindau (VHL) tumor-suppressor protein, a putative ubiquitin-protein ligase (13, 14) , appears to play a role in this process, as loss of VHL function results in constitutive expression of HIF-1␣ (15) , but VHL-mediated ubiquitination of HIF-1␣ has not been demonstrated.
Structure-function analyses of HIF-1␣ have revealed that the N-terminal half of the molecule containing the bHLH-PAS domain is required for dimerization and DNA binding (16) . The C-terminal half of HIF-1␣ contains domains required for hypoxia-induced nuclear localization, protein stabilization, and transactivation (10, (16) (17) (18) . A recent study suggested that amino acids 401-603 of HIF-1␣ constituted an oxygen-dependent degradation domain, as presence or absence of this region had significant effects on protein stability under nonhypoxic conditions (10) . However, effects on ubiquitination were not established and thus it was unclear whether this region represented a target for ubiquitination, proteasomal degradation, or an upstream signaling event. Here we demonstrate that multiple domains of HIF-1␣ regulate its expression, that specific point mutations can increase HIF-1␣ expression, and that they do so by altering the ubiquitination of HIF-1␣ under nonhypoxic conditions.
Materials and Methods
HIF-1␣ Mutagenesis. Pfu DNA polymerase (Stratagene) was used for PCR. C-terminal deletions were made by using pCEP4͞ HIF-1␣ (16) as template, a common forward primer (FP), and a unique reverse primer (RP) corresponding to the specific deletion (supplemental Tables 1 A and 2; see www.pnas.org). The RP also incorporated a stop codon and a BamHI restriction site. Internal deletions were made by using a FP corresponding to the specific deletion (supplemental Tables 1 B and 2) with an AflII restriction site and a common RP containing a BamHI restriction site. PCR products were digested with AflII and BamHI and inserted into AflII͞BamHI-digested pCEP4͞HIF1␣. Point mutations between residues 512 and 521 were generated by using pCEP4͞HIF1␣ (1-391͞512-826) as template, a common RP (containing a BamHI restriction site), and specific mutant FP (supplemental Tables 1 C and 2 ). S551G and T552A mutations were made by a two-step PCR method. The template for PCR was pCEP4͞HIF1␣(1-391͞512-826) or one of the internal deletion mutants (supplemental Tables 1 B and 2) . A common FP ϩ mutant RP was used in one PCR, and a mutant FP ϩ common RP (containing a BamHI site) was used in a second PCR (supplemental Tables 1 C and 2) . After gel purification, the two PCR products were mixed and used as template for PCR with the common FP ϩ common RP. The final product was digested with AflII and BamHI and inserted into AflII͞BamHI-digested pCEP4͞HIF1␣.
GAL4͞HIF1␣ Expression Vectors.
A PCR product encoding residues 429-608 was amplified from pCEP4͞HIF1␣ (supplemental Tables 1 D and 2), digested with BamHI, and inserted into pGAL0 (19) . The S551G͞T552A, S551G, and T552G constructs were generated by two-step PCR by using pGAL͞HIF1␣ (429-608) as template (supplemental Tables 1 D and 2 ). The final PCR products were digested with BamHI and inserted into pGAL0.
His6-HIF-1␣ Expression Vector. PCR was performed by using template pCEP4͞HIF1␣ (supplemental Tables 1 E and 2). The product was NcoI͞BglII-digested, inserted into pBluescriptSK͞ HIF1␣ (5), excised by KpnI͞NotI digestion, and inserted into pCEP4 (Invitrogen).
Transient Transfection Assays. 293 cells were maintained in DMEM with 10% FBS and transfected by calcium phosphate coprecipitation. Hep3B cells were maintained in MEM with Earle's salts and 10% FBS and transfected by electroporation, and COS cells were maintained in DMEM with 10% FBS and transfected by using DEAE-dextran (5, 16).
Immunoblot Assays. Nuclear extracts were prepared from transfected cells as described (16) . For whole cell lysates, cells were incubated for 30 min in cold immunoprecipitation buffer (0.1% SDS͞1% Nonidet P-40͞5 mM EDTA͞0.5% deoxycholate͞150 mM NaCl͞50 mM Tris⅐HCl, pH 8) containing 2 mM DTT, 0.4 mM PMSF, 2 g͞ml leupeptin, 2 g͞ml aprotinin, 2 g͞ml pepstatin, and 1 mM NaVO 3 . Samples were centrifuged at 10,000 ϫ g to pellet cell debris. Aliquots were fractionated by SDS͞PAGE and subjected to immunoblot assay (6) by using an affinity-purified rabbit-polyclonal Ab raised against HIF-1␣ residues 807-826 (C terminus) at 1:500 dilution, or protein G-purified mouse monoclonal Ab H1␣67 (Novus Biologicals Inc., Littleton, CO) raised against a GST fusion protein containing HIF-1␣ residues 432-528 (20) at 1:1,000 dilution. The secondary Ab was horseradish peroxidase-conjugated antirabbit or -mouse Ig (Amersham), respectively. Signal was developed by using ECL reagents (Amersham). GAL4͞HIF-1␣ fusion proteins were detected by using H1␣67 or a polyclonal anti-GAL4 Ab (Santa Cruz Biotechnology).
His6-HIF-1␣ Purification. Transfected cells were lysed in denaturing buffer (8 M urea͞20 mM Tris⅐HCl, pH 8͞100 mM NaCl). Aliquots of total protein [Ϸ250 g normalized to ␤-galactosidase (␤-gal) activity] were incubated with 50 l of 50% Talon metal-affinity resin (CLONTECH) for 30 min and centrifuged at 800 ϫ g for 1 min. The resin was washed five times with denaturing buffer. Samples were boiled in SDS-gel loading buffer and fractionated by 7% SDS͞PAGE. Immunoblot assays were performed with the anti-HIF-1␣ polyclonal Ab.
Detection of His6-Ubiquitinated HIF-1␣. Cells were transfected with pSV␤gal (Promega), plasmid encoding wild-type or mutant HIF-1␣, and plasmid encoding no protein or His 6 -ubiquitin (21) . After 36 h at 20% O 2 , cells were exposed to 20% or 1% O 2 for 4 h and lysed in immunoprecipitation buffer containing 75 mM imidazole. Aliquots of total protein (750-1,000 g normalized to ␤-gal activity) were incubated for 30 min with 100 l of 50% Probond resin (Invitrogen) and washed with immunoprecipitation buffer containing 75 mM imidazole. Samples were boiled in SDS-gel loading buffer and fractionated by 7% SDS͞PAGE. Immunoblots were analyzed with anti-HIF-1␣ polyclonal Ab.
Results
Although HIF-1␣ mRNA expression is induced by hypoxia or ischemia in vivo (9) , in cultured cells HIF-1␣ mRNA is constitutively expressed, and regulation occurs exclusively at the level of protein expression via changes in half life (8) . Deletion of HIF-1␣ residues 391-826 generated a polypeptide that was constitutively expressed at high levels in both hypoxic and nonhypoxic cells, indicating that HIF-1␣ protein stability was under negative regulation in nonhypoxic cells (16) . To localize sequences involved in this negative regulation, a series of Cterminal and internal deletion mutants of HIF-1␣ were generated, starting from residues 826 and 391, respectively.
C-Terminal Domain Involved in the Regulation of HIF-1␣ Expression.
Plasmids encoding full-length or C-terminal-deleted HIF-1␣ were transfected into 293 cells and exposed to 20% or 1% O 2 for 4 h, followed by nuclear extract preparation and immunoblot assay. Transfected full-length HIF-1␣ (1-826) and HIF-1␣ (1-754) were expressed at higher levels in hypoxic relative to nonhypoxic cells, similar to endogenous HIF-1␣, but HIF-1␣ (1-681) and HIF-1␣ (1-608) were constitutively expressed (Fig.  1A ). Further analysis revealed that expression of HIF-1␣ (1-729) was regulated, but HIF-1␣ (1-703) was constitutively expressed (Fig. 1B) . HIF-1␣ (1-726) was analyzed next because it lacks the only phosphorylatable residue between 703 and 729 (S727), but this protein demonstrated regulated expression. These results indicate that amino acids between residues 703 and 726 are necessary for O 2 -regulated expression of HIF-1␣.
Internal Domain Involved in the Regulation of HIF-1␣ Expression.
Internal deletion mutants were constructed involving deletions extending toward the C terminus from residue 391. HIF-1␣ constructs consisting of residues 1-391 fused to 404-826, 415-826, 429-826, 469-826, 494-826, 508-826, or 512-826 were expressed in an O 2 -regulated manner, whereas constructs consisting of residues 1-391 fused to 521-826, 549-826, or 576-826 were constitutively expressed (Fig. 2) . Missense mutations were introduced at residues between 512 and 521 in the context of HIF-1␣(1-391͞512-826). These mutations included elimination of: a potentially redox-sensitive cysteine (C520 M) residue (Fig.  3A) ; potentially phosphorylatable serine (S515A, S517A) and tyrosine (Y519F) residues (Fig. 3B) ; proline (P513G, P516G) and glutamate (E512G, E518G) residues (Fig. 3C) . None of these missense mutations, nor deletion of residues 512-516 (Fig.   Fig. 1 . Effect of C-terminal deletions on HIF-1␣ protein expression. 293 cells were transfected with expression vectors encoding HIF-1␣ constructs and 36 h later were exposed to 20% O 2 or 1% O2 (hypoxia) for 4 h before nuclear extract preparation. Fifteen-microgram aliquots were fractionated by SDS͞PAGE and subjected to immunoblot assay by using an anti-HIF-1␣ Ab. 3C, lanes 3 and 4), eliminated O 2 -regulated expression, whereas deletion of residues 512-520 (Fig. 3C, lanes 1 and 2) resulted in constitutive expression. Thus, amino acids between residues 512 and 521 are necessary for O 2 -regulated expression of HIF-1␣ but no single residue is absolutely required for this regulation (Fig. 3D) .
We considered the possibility that the domain encompassing residues 512-521 might serve as a binding site for a kinase͞ phosphatase that reacts with a more distant residue. Residues S551, T552, and Q553 are conserved in human and mouse HIF-1␣ and HIF-2␣ (22) . We mutated the two potentially phosphorylatable residues (S551G and T552A) in each of the deletion constructs that had previously demonstrated regulated expression (Fig. 2) . Remarkably, the S551G͞T552A mutation resulted in constitutive expression of all of these constructs (Figs.  2 and 4A) . If S551 or T552 were sites of phosphorylation, then their replacement by negatively charged aspartate residues might mimic a constitutively phosphorylated state. Unlike His 6 -HIF-1␣(1-391͞512-826͞S551G͞T552A), the expression of His 6 -HIF-1␣(1-391͞512-826͞S551D͞T552D) was not increased in nonhypoxic cells (Fig. 4B) , which was consistent with the hypothesis that S551 and͞or T552 were phosphorylated under these conditions. However, expression of His 6 -HIF-1␣(1-391͞ 512-826͞S551D͞T552D) was still induced under hypoxic conditions (lane 8), indicating that O 2 -dependent (de)phosphorylation of these residues was not required for regulated expression. Thus, deletions or missense mutations at three distinct sites (residues 703-726, 512-521, and 551-552) interfere with the regulated expression of HIF-1␣ under nonhypoxic conditions, and there is no evidence indicating that any of these sites are subject to O 2 -regulated (de)phosphorylation.
To determine whether these mutations result in increased transcriptional activity of HIF-1, Hep3B cells, which have no detectable HIF-1␣ expression under nonhypoxic conditions (5, 23) , were cotransfected with: control plasmid pSV␤gal; luciferase reporter plasmid p2.1, which contains a 68-bp hypoxiaresponse element from the human ENO1 gene (7); and either empty expression vector or vector encoding HIF-1␣, HIF-1␣(S551G͞T552A), or HIF-1␣(1-391͞521-826). The transfected cells were exposed to 20% O 2 for 24 h and lysates were analyzed for ␤-gal and luciferase activity. Compared with cells transfected with empty vector, p2.1 expression was increased 8.2-, 22-, and 78-fold in the presence of HIF-1␣, HIF-1␣ (S551G͞ T552A), and HIF-1␣(1-391͞521-826), respectively (Fig. 5) . Thus, increased expression of the mutant HIF-1␣ proteins (Figs. 3 and 4) is associated with increased transactivation of target genes (Fig. 5) under nonhypoxic conditions. The increased transcriptional activity mediated by HIF-1␣(1-391͞521-826) as compared with HIF-1␣(S551G͞T552A) is consistent with the maximal and submaximal expression of these proteins under nonhypoxic conditions. In addition, transactivation function, which is also under negative regulation in nonhypoxic cells (17) , may be increased specifically by the deletion. To determine whether the internal domain was sufficient for O 2 -regulated expression of a heterologous protein, a fusion protein consisting of the DNA-binding domain of the yeast GAL4 transcription factor fused to HIF-1␣ residues 429-608 was constructed. The expression of this protein in COS cells was hypoxia inducible (Fig. 6, lanes 3 and 4) , whereas introduction of the S551G͞T552A mutations resulted in constitutive expression (lanes 5 and 6). The single mutation S551G or T552G did not completely eliminate regulated expression (data not shown).
O2-Regulated Ubiquitination of HIF-1␣.
Changes in the ubiquitination of HIF-1␣ in response to hypoxia have not been demonstrated. To investigate this possibility, 293 cells were transfected with a HIF-1␣ expression vector and either empty vector or vector encoding His 6 -tagged ubiquitin (His 6 -ubi) and exposed to 20% or 1% O 2 . Lysates were prepared and aliquots were subject to immunoblot assay before and after affinity purification to compare the levels of total and ubiquitinated HIF-1␣, respectively (Fig. 7A) . As in other systems (21) , ubiquitinated forms are not detected by analysis of total HIF-1␣, presumably because of rapid degradation after ubiquitination. However, the ability to specifically capture His 6 -ubi-tagged molecules allows the detection of a ladder of isoforms extending up the gel from monoubiquitinated to polyubiquitinated forms of HIF-1␣. Because of the marked increased in HIF-1␣ protein levels in hypoxic cells, it was necessary to compare the relative rather than absolute levels of ubiquitination. Densitometric quantitation revealed that the proportion of HIF-1␣ that was ubiquitinated decreased by Ͼ7-fold under hypoxic conditions (Fig. 7B) . Thus, exposure of cells to 1% O 2 , which represents a submaximal hypoxic stimulus (6) , reduced the ubiquitination of HIF-1␣. To determine whether mutations that result in constitutive expression of HIF-1␣ also affect its ubiquitination, 293 cells were transfected with either empty vector or vector encoding His 6 -ubi and vector encoding HIF-1␣(1-391͞512-826) or HIF-1␣(1-391͞512-826͞ S551G͞T552A). Compared with wild type, the proportion of mutant protein that was ubiquitinated in nonhypoxic cells was 18-fold lower (Fig. 7 C and D) . These results demonstrate that the S551G͞T552A mutations increase the expression of HIF-1␣ under nonhypoxic conditions by decreasing its ubiquitination. -6) , or His6-HIF-1␣(1-391͞ 512-826͞S551D͞T552D) (lanes 7-8). Transfected cells were exposed to 20% or 1% O 2 for 4 h, and His-tagged proteins were purified from lysates by metalaffinity resin binding. Aliquots of purified protein (normalized to ␤-gal expression) were subjected to immunoblot assay by using an anti-HIF-1␣ polyclonal Ab, and protein expression was quantified by densitometry. 1-2) or HIF-1␣ amino acid sequences 429 -608 that were either wild type (lanes 3-4) or contained the S551G͞T552A mutations (lanes 5-6). Transfected cells were exposed to 20% or 1% O 2 for 4 h. Lysates were prepared and 60-g aliquots were fractionated by SDS͞PAGE and subjected to immunoblot assays by using an Ab against endogenous HIF-1␣ (Top) or the GAL4 DBD (Middle). The isolated GAL4 DBD (Middle, lanes 1-2) migrated faster than the GAL4͞HIF-1␣ fusion proteins and thus is not within the portion of the immunoblot displayed. Expression of GAL4͞HIF-1␣ fusion proteins was quantified by densitometry (Bottom).
Discussion
Regulation of HIF-1␣ protein levels represents a molecular basis for hypoxia-inducible expression of multiple genes in mammalian cells (1) . To rapidly induce HIF-1 activity in response to hypoxia, HIF-1␣ is subject to negative regulation in nonhypoxic cells. Deletion of HIF-1␣ sequences involved in this regulation results in constitutive expression. While our study was under way, analysis of GAL4͞HIF-1␣ fusion proteins revealed that, in agreement with our data, HIF-1␣ residues 401-603 were necessary and sufficient for O 2 -regulated expression (10) . Our analysis of HIF-1␣ deletion mutants in the context of the native HIF-1 heterodimer, rather than as a fusion protein, demonstrated that a C-terminal domain encompassing residues 703-726 is also required for negative regulation of HIF-1␣ expression in nonhypoxic cells. Further studies are required to determine whether this deletion affects ubiquitination or a downstream step such as proteasomal degradation. Nuclear localization of a green fluorescent protein͞HIF-1␣ fusion protein was shown to be induced by exposure of cells to the iron chelator dipyridyl, whereas deletion (residues 653-826) or mutation (K719T) of C-terminal residues blocked this response (18) . Because we analyzed HIF-1␣ expression in nuclear extracts, it is possible that loss of hypoxic induction of C-terminal deletion constructs may be caused by decreased nuclear localization under hypoxic conditions as well as increased protein expression under nonhypoxic conditions.
Although HIF-1␣ residues 401-603 were previously implicated in the regulation of HIF-1␣ stability, neither specific residues nor a specific molecular mechanism was determined (10) . Our data indicate that the protein stabilization domain minimally encompasses residues 517-552. Missense mutation of residues 561-568 was recently shown to eliminate O 2 -regulated expression of a GAL4͞HIF-1␣ (529-826) fusion protein (24) , indicating that the minimal domain includes residues 517-568. Our results suggest that residues S551 and T552 play a particularly important role in the regulation of HIF-1␣ expression, and their mutation results in markedly decreased ubiquitination and increased protein expression under nonhypoxic conditions. Residues S551 and T552 are conserved in human and mouse HIF-1␣ as well as human and mouse HIF-2␣ (22) , the expression of which is also O 2 -regulated (25, 26) . Our studies demonstrate that HIF-1␣ is subject to increased ubiquitination under nonhypoxic as compared with hypoxic conditions and that the S551G͞T552A mutations interfere with this process.
The mechanism by which HIF-1␣ is targeted for ubiquitination is unknown. Multiple examples of phosphorylationdependent ubiquitination have been described (21, 27) . If HIF-1␣ phosphorylation under nonhypoxic conditions represented a signal for ubiquitination, then mutation or deletion of the phosphorylatable residue(s) should result in constitutive expression. Exposure of Hep3B cells to 10 mM sodium fluoride, a nonspecific inhibitor of serine-threonine protein phosphatases, blocked the induction of HIF-1␣ expression in response to hypoxia (23) . However, the activity of the more specific phosphatase inhibitors calyculin A and okadaic acid in blocking hypoxia-induced HIF-1␣ expression paralleled their toxicity, thus precluding a definitive conclusion regarding their effects (data not shown). We have performed multiple metabolic labeling experiments in an attempt to determine the phosphorylation status of wild-type and mutant HIF-1␣ in nonhypoxic and hypoxic cells. Although we have demonstrated that HIF-1␣ is extensively phosphorylated, primarily if not exclusively, on serine residues, we have not been able to demonstrate a reproducible effect of mutation or oxygenation on the phosphorylation of specific tryptic peptides (data not shown). The results presented above also provide no evidence of O 2 -regulated (de)phosphorylation of HIF-1␣ despite the importance of S551 and T552 in the regulation of its ubiquitination. Alternatively, regulation of HIF-1␣ ubiquitination may be determined by O 2 -regulated changes in the redox status of HIF-1␣ or interacting proteins (12, 15, 24, 28) , similar to the iron-dependent oxidation, ubiquitination, and degradation of iron regulatory protein 2 (29, 30) . A redox-sensitive cysteine residue (C800) has been shown to affect the ability of HIF-1␣ to interact with the coactivator cAMPresponse element-binding protein and activate transcription (25) . HIF-1 DNA-binding activity in vitro is also sensitive to redox status (28, 31) . The identification of specific residues required for O 2 -regulated HIF-1␣ ubiquitination described above and in other recent studies (10, 24) will facilitate the delineation of molecular mechanisms underlying this process.
HIF-1␣ is absolutely required for hypoxia-induced expression of the Vegf gene in mouse embryonic stem cells (2) (3) (4) . Expression of HIF-1␣ protein has been shown to parallel that of VEGF mRNA in the heart (32) and retina (33) in response to hypoxia͞ ischemia in those tissues. Clinical trials of therapeutic angiogenesis involving administration of specific VEGF isoforms or other angiogenic growth factors to patients with ischemic cardiovascular disease are underway (34) . Expression of HIF-1 would 2) or His 6-ubiquitin (lanes 3-4). Cells were exposed to 20% or 1% O2 for 4 h, and lysates were prepared. Two hundred-microgram aliquots of total protein were incubated with nickel resin and washed with buffer containing 75 mM imidazole. Aliquots of unpurified (Top) and nickel resin-purified (Bottom) lysates were subjected to SDS͞PAGE and immunoblot assay by using an anti-HIF-1␣ polyclonal Ab. (B) Levels of total and ubiquitinated HIF-1␣ in lanes 3-4 were quantified by densitometry. The ratio of ubiquitinated͞total HIF-1␣ was determined and normalized to the result obtained for the lysates analyzed in lane 4 to yield the relative HIF-1␣ ubiquitination. (C) Cells were cotransfected with: pSV␤gal; expression vector encoding HIF-1␣(1-391͞512-826) that was either wild type (WT; lanes 1-3) or contained the S551G͞T552A missense mutations (M; lane 4); and vector encoding either no protein (lanes 1-2) or His 6-ubiquitin (lanes 3-4). Cells were exposed to 20% or 1% O2 for 4 h, and lysates were prepared. Aliquots of total protein (normalized to ␤-gal) were incubated with nickel resin and washed with RIPA buffer (0.15 mM NaCl͞0.05 mM Tris⅐HCl, pH 7.2͞1% Triton X-100͞1% sodium deoxycholate͞ 0.1% SDS) containing 75 mM imidazole. Aliquots of unpurified (Top) or resin-purified (Bottom) lysates were subjected to immunoblot assay by using an anti-HIF-1␣ polyclonal Ab. (D) Levels of total and ubiquitinated wild-type and mutant HIF-1␣ (1-391͞512-826) in lanes 3-4 were quantified by densitometry. The ratio of ubiquitinated͞total HIF-1␣ was determined and normalized to the result obtained for the lysate analyzed in lane 4 to yield the relative HIF-1␣ ubiquitination.
